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FunctionMembrane proteins of the DedA/Tvp38 protein family are involved in membrane integrity and viru-
lence of pathogenic organisms. However, the structure and exact function of any member of this
large protein family are still unclear. In the present study we analyzed the functional and structural
properties of a DedA homolog. Puriﬁed YqjA variants from Escherichia coli are detectable in different
oligomeric states and speciﬁc homo-interaction of YqjA monomers in the membrane were con-
ﬁrmed by formation of a disulﬁde bond in the C-terminal transmembrane helix. Moreover, alanine
scanning mutagenesis exhibited different interaction sites crucial for YqjA activity vs. dimer
formation.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Membrane proteins of the DedA/Tvp38 family are found in all
domains of life [1,2]. No distinct function could be allocated to
any DedA or Tvp38 homolog thus far. The eukaryotic member of
this family, Tvp38, was initially found in close association with
proteins involved in vesicle fusion at the late-Golgi compartment
[3,4], suggesting an involvement of Tvp38 in membrane transport
processes. Moreover, DedA homologs are crucial for virulence of
pathogenic species and thus represent interesting candidates for
novel drug targets [1]. Currently, the best characterized members
of the DedA/Tvp38 protein family are YqjA and YghB of
Escherichia coli. Simultaneous deletion of yqjA and yghB in E. coli
resulted in pleiotropic phenotypes, and the double deletion strain
BC202 shows temperature sensitivity, cell division defects, chan-
ged phospholipid composition and alterations of the proton motiveforce [5–8]. All observations described thus far somehow link the
function of DedA/Tvp38 proteins to membrane processes, and it
appears to be possible that the proteins are involved in stabiliza-
tion of biological membranes. Recently, it has been suggested that
YqjA and YghB of E. coli are membrane transporters required for
stabilizing an intact proton motive force and are involved in drug
resistance [8,9]. Conserved acidic residues in the N-terminal and
transmembrane (TM) regions of YghB and/or YqjA were shown to
be crucial for suppressing the characteristic phenotype of BC202
and thus relevant for the function of these membrane proteins
[9]. Typical DedA proteins are rather small membrane proteins,
consisting of 4–6 TM helices [1,2,5]. Based on computational ana-
lyses, it has been predicted that DedA proteins represent ancestors
of membrane proteins, sharing structural features of a LeuT-like
fold [10], a class of membrane transport proteins belonging to
the solute:sodium symporter family [11]. As the membrane inte-
gral part of LeuT-fold proteins has a pseudo-dimeric structure,
with two TM domains each featuring 5 TM helices [12], DedA
monomers would have to dimerize to acquire a LeuT-like fold
[10]. Currently it is unclear whether DedA/Tvp38 proteins
oligomerize and whether oligomerization is linked to function.
Therefore, in the present study we analyzed whether active and
inactive variants of YqjA from E. coli have intrinsic dimerization
propensities. Based on in vitro analyses of isolated proteins as well
as on in vivo studies of different YqjA variants within E. coli cells,
we conclude that functional and non-functional YqjA proteins form
dimers in the membrane and the predicted TM helix six is especial-
ly crucial for homo-interaction.
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2.1. Strain construction and growth conditions
E. coli strains were grown aerobically in LB-medium (10 g/l
tryptone, 5 g/l yeast extract, and 10 g/l NaCl) at 37 C, unless stated
otherwise. If required, antibiotics were added at ﬁnal concentra-
tions of 100 lg/ml ampicillin (Amp), 30 lg/ml kanamycin (Kan),
30 lg/ml chloramphenicol (Cam). Cell growth was monitored by
measuring the optical density at 600 nm (OD600) using a Perkin
Elmer Lambda 35 UV/Vis spectrophotometer. E. coli strain
MC4100DyghBDyqjA was generated via successive P1-transduc-
tion, using the E. coli strain MC4100 (F-lacU169 araD139 rpsL150
relA1 ptsF rbs ﬂbB5301as) [13]. P1 phage lysate was generated
from yqjA or yghB single-deletion, kanamycin-resistant (KanR)
strains, available from the Keio collection [14]. Generation of
MC4100DyghB was followed by successive yqjA deletion to obtain
MC4100DyghBDyqjA. As the KanR cassette is ﬂanked by FLP recom-
binase recognition target (FRT) sites, each new strain has been
transformed with the temperature-sensitive pCP20 plasmid
(FLP+, kcI857+, k repts promoter, AmpR, CamR), expressing FLP
recombinase, in order to excise the FRT-ﬂanked KanR cassette
and to cure the plasmid at 37 C [15]. Finally, deletions of the
yqjA and yghB gene loci have been conﬁrmed by PCR. To test
growth of MC4100 and MC4100DyghBDyqjA, which were trans-
formed with the repressor plasmid pRep4 and the plasmids
pQE60 or any pQYqjA variants (see Table 1), pre-cultures were cul-
tivated aerobically in LB-medium supplemented with ampicillin at
30 C overnight. On the next day, cultures were sub-diluted in fresh
LB-medium plus ampicillin and incubated at 44 C aerobically in
shaker ﬂasks.Table 1
Plasmids used in the study.
Plasmids Important features
pQE60 Cloning vector, AmpR
pQyqjA pQE60, yqjA+ E. coli K12
pRep4 Repressor plasmid, lacI+
pQYqjA(E39A) pQYqjA but YqjA Glu39
pQYqjA(D51A) pQYqjA but YqjA Asp51
pQYqjA(E39A/D51A) pQYqjA but YqjA Glu 39
pQYqjA(L53A) pQYqjA but YqjA Leu 53
pQYqjA(Y87A) pQYqjA but YqjA Tyr 87
pQYqjA(R91A) pQYqjA but YqjA Arg 91
pQYqjA(Q100A) pQYqjA but Yqj A Gln 1
pQYqjA(G144A) pQYqjA but YqjA Gly 14
pQYqjA(L148A) pQYqjA but YqjA Leu 14
pQYqjAC191A pQYqjA but YqjA Cys 19
pQYqjAC83A pQYqjA but YqjA Cys 83
pQYqjAcysless pQYqjA but YqjA Cys 83
pQYqjA(C83A/C191A/L195C) pQYqjAcysless but Leu 1
pQYqjA(E39A/D51A/C83A) pQYqjAE39A/D51A but
pMalp2 Cloning vector, AmpR
pLexA pMalp2, LexA DNA bind
pLexAGpA pLexA, GpA transmemb
plexAYqiA pLexA, yqjA+ E. coli K12
plexAYqiA(E39A) pLexAYqjA but YqjA Glu
plexAYqiA(D51A) pLexAYqjA but YqjA Asp
plexAYqiA(E39A/D51A) pLexAYqjA but YqjA Glu
plexAYqiA(L53A) pLexAYqjA but YqjA Leu
plexAYqiA(Y87A) pLexAYqjA but YqjA Tyr
plexAYqiA(R91A) pLexAYqjA but YqjA Arg
plexAYqiA(Q100A) pLexAYqjA but YqjA Gln
plexAYqiA(G144A) pLexAYqjA but YqjA Gly
plexAYqiA(L148A) pLexAYqjA but YqjA Leu
pLexAYqjA(C191A) pLexAYqjA but YqjA Cys
pLexAYqjA(C83A) pLexAYqjA but YqjA Cys
pLexAYqjAcysless pLexAYqjA but YqjA Cys
pLexAYqjA(L195C) pLexAYqjAcysless but Le2.2. Plasmid construction
All plasmids used in this study are listed in Table 1. Standard
techniques were used for cloning and analysis of DNA.
Oligonucleotides used for PCR ampliﬁcation or site-directed muta-
genesis are listed in Table 2 and were purchased from Sigma
Aldrich or MWG Biotech. To introduce nucleotide exchanges into
yqjA, a standard protocol for site-directed mutagenesis (Stratagene)
was followed, and ampliﬁed products were restriction-digested with
DpnI prior to transformation into E. coli Xl1Blue (endA1 gyrA96(nalR)
thi-1 recA1 relA1 lac glnV44 F0[::Tn10 proAB+ lacIq D(lacZ)M15]
hsdR17(rKmK+)). Modiﬁed plasmids were isolated and the introduced
mutations were conﬁrmed by DNA sequencing.
To produce YqjA with a C-terminal hexahistidine tag, the yqjA
gene was ampliﬁed by PCR using chromosomal DNA of the E. coli
strain MC4100 as a template and the primers YqjAECNCOI and
YqjAECBAMH (Table 2). The puriﬁed PCR fragment was restric-
tion-digested with NcoI and BamHI and ligated into the equally
restriction-digested plasmid pQE60. For GALLEX experiments,
YqjA was genetically fused to the LexA DNA-binding domain.
Therefore, yqjA was ampliﬁed by PCR, using pQyqjA as a template
and the primers 5NheIYqjA and 3BamHYqjA. The puriﬁed PCR pro-
duct was restriction-digested with NheI and BamHI and ligated into
the equally restriction-digested pLexA plasmid.
2.3. GALLEX experiments
GALLEX measurements were performed as described in detail
by Schneider & Engelman [16] using E. coli cells SU101 (lexA71::
Tn5(Def)sulA211D(lacIPOZYA)169/ F0lacIqlacZDM15::Tn9lexA(op+)_
lacZ) [16,17]. E. coli cells SU101 were transformed with theReferences
Qiagen
cloned via NcoI and BamHI This study
, KanR Qiagen
exchanged into Ala This study
exchanged into Ala This study
and Asp 51 exchanged into Ala This study
exchanged into Ala This study
exchanged into Ala This study
exchanged into Ala This study
00 exchanged into Ala This study
4 exchanged into Ala This study
8 exchanged into Ala This study
1 exchanged into Ala This study
exchanged into Ala This study
and Cys 191 exchanged into Ala This study
95 exchanged into Cys This study
Cys 83 exchanged into Ala This study
NEB
ing domain+ [16]
rane domain+ [16]
cloned via NheI and BamHI This study
39 exchanged into Ala This study
51 exchanged into Ala This study
39 and Asp 51 exchanged into Ala This study
53 exchanged into Ala This study
87 exchanged into Ala This study
91 exchanged into Ala This study
100 exchanged into Ala This study
144 exchanged into Ala This study
148 exchanged into Ala This study
191 exchanged into Ala This study
83 exchanged into Ala This study
83 and Cys 191 exchanged into Ala This study
u 195 exchanged into Cys This study
Table 2
Oligonucleotides used in the study.
Primer Sequence 50–30
yqjAECNCO GCCCATGGGAGAACTTTTGACCCAAT
yqjAEcBAMH GCGCGGATCCCCCCCGATTTCCATAT
5NheIYqjA GGCCGCTAGCATGGAACTTTTGACCCAATTGCTGCAAGC
3BamHYqjA GGCCGGATCCTTACCCCCGATTTCCATATTTCTTTTTCC
5yqjAE39A GTAATTTTGTTCCTTGCAAACGGCTTGCTTCCG
3yqjAE39A CGGAAGCAAGCCGTTTGCAAGGAACAAAATTAC
5yqjAD51A GCCTTTTTACCGGGCGCCAGTTTACTGGTATTG
3yqjAD51A CAATACCAGTAAACTGGCGCCCGGTAAAAAGGC
5yqjAY87A GGCTGCTGGGTCAGCGCTATTCAGGGGCGATGG
3YqjAY87A CCATCGCCCCTGAATAGCGCTGACCCAGCAGCC
5yqjAR91A AGCTATATTCAGGGGGCATGGCTGGGCAATACC
3yqjAR91A GGTATTGCCCAGCCATGCCCCCTGAATATAGCT
5yqjAG144A CTGCCGACGATTGCCGCGTTATCAGGGCTGAAT
3yqjAG144A ATTCAGCCCTGATAACGCGGCAATCGTCGGCAG
5yqjAL148A GCCGGGTTATCAGGGGCGAATAACGCGCGCTTT
3yqjAL148A AAAGCGCGCGTTATTCGCCCCTGATAACCCGGC
5YqjAL53A TTACCGGGCGACAGTGCACTGGTATTGGTCGGC
3YqjAL53A GCCGACCAATACCAGTGCACTGTCGCCCGGTAA
5yqjAQ100A AATACCCGCACCGTAGCAAACTGGCTATCTCAT
3yqjAQ100A ATGAGATAGCCAGTTTGCTACGGTGCGGGTATT
5yqjAEcoC83A GCCGCCAGCCTCGGCGCCTGGGTCAGCTATATT
3yqjAEcoC83A AATATAGCTGACCCAGGCGCCGAGGCTGGCGGC
5YqjAEcoC194A GAGGACCAGCTGATGTCAGCCCTGATGCTGCTCCCG
3YqjAEcoC194A CGGGAGCAGCATCAGGGCTGACATCAGCTGGTCCTC
5L195C TCAGCCCTGATGCTGTGCCCGGTGGTGCTGCTG
3L195C CAGCAGCACCACCGGGCACAGCATCAGGGCTGA
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[16] or pLexA-YqjA variants, expressing YqjA or derivates of YqjA
fused to the E. coli LexA DNA-binding domain (Table 1). LB-medium
supplemented with ampicillin (100 lg/ml) kanamycin (10 lg/ml)
and chloramphenicol (10 lg/ml) was inoculated with single colo-
nies, and cultures were incubated aerobically overnight at 37 C,
sub-diluted 40-fold in fresh medium and protein expression was
induced by addition of 0.5 mM isopropyl-b-D-thiogalactopyranoside
(IPTG). When cells had reached an OD600 of 0.3–0.6, b-galactosidase
activities were measured as described before [18,19].
2.4. YqjA puriﬁcation via Ni-afﬁnity chromatography
YqjA-His6 or YqjAE39A/D51A-His6 was expressed in E. coli
BL21DE3 cells (F ompT gal dcm lon hsdSB(rB mB) k(DE3 [lacI
lacUV5-T7 gene 1 ind1 sam7 nin5]), harboring the plasmid
pQYqjA or pQYqjA(E39A/D51A) (Table 1) and isolated from solubi-
lized membranes. Cells were incubated aerobically at 37 C in LB-
medium supplemented with ampicillin. When the cell cultures
had reached an OD600 of 0.3–0.5, plasmid-encoded gene expression
was induced by adding 0.5 mM IPTG. The cell cultures were subse-
quently incubated for 2 h and thereafter harvested by centrifuga-
tion (10 min, 4 C, 3000g). 1 g cells were resuspended in 5 ml
buffer A (50 mM Tris/HCl, pH 8, 0.15 M NaCl, 10% glycerol (v/v),
0.1 mM phenylmethylsulfonyl ﬂuoride) and disrupted by sonica-
tion in an ice-water bath, using a Branson Soniﬁer 250
(G. Heinemann). Cell lysate was separated from cell debris by cen-
trifugation at 4 C, 12100g, and the supernatant was ultra-cen-
trifuged (100000g, 4 C, 1 h). Pelleted membranes were
resuspended in 1/10 volume buffer A. Crude membrane extract
was solubilized using 1% dodecyl-b-D-maltoside (DDM) (w/v) for
1–2 h at 4 C and undissolved material was removed by centrifuga-
tion. Solubilized membrane proteins were incubated with Ni–
NTA-matrix (Qiagen) and subsequently washed with increasing
imidazole concentration (5–50 mM). Bound proteins were eluted
with 0.5 M imidazole and passed through a PD10-column
(Thermo Scientiﬁc), using 10 mM sodium phosphate buffer, pH 8;
5 mM dodecyl-b-D-maltoside. The protein concentration of the
puriﬁed protein solution was determined by measuring theabsorbance at 280 nm, using a calculated molar extinction coefﬁ-
cient of 49,055 M1 cm1, given for YqjAHis6 by ExPASy
ProtParam [34].
2.5. Disulﬁde cross-linking with membrane fractions containing YqjA-
His6 variants
Disulﬁde cross-linking experiments were performed as de-
scribed recently [20]. E. coli strains MC4100 and MC4100DyghBDyqjA,
expressing the different YqjA-His6 mutants (Table 1), were grown
aerobically overnight at 30 C in LB-medium plus ampicillin in
absence of IPTG. On the following day, cultures were incubated
for an additional hour in the presence of 0.5 mM IPTG. Cells were
harvested, washed and resuspended in 1 ml buffer B (20 mM
Tris–HCl, pH 8, 200 mM NaCl) supplemented with a protease inhi-
bitor cocktail (Sigma). Cells were disrupted by sonication and cell
debris was removed by centrifugation at 16100g, 5 min, 4 C.
Next, the supernatants were ultra-centrifuged (96500g, 30 min,
4 C) and the membrane pellet was resuspended in 100 ll buffer
C (50 mM Tris–HCl, pH 8, 5 mM MgCl2, 10% glycerol). Protein con-
centrations of the membrane fractions were determined using the
BCA™Protein Assay Kit (Thermo Scientiﬁc). Disulﬁde cross-linking
experiments were carried out with membranes (100 lg total pro-
tein) at room temperature for 1 h. Oxidized (ox), reduced (re),
and control (c) samples were run simultaneously. In the oxidized
sample, a ﬁnal concentration of 2 mM copper phenanthroline
(CuP) was used, and following incubation, the reaction was
quenched for 10 min at room temperature by adding 25 mM N-
ethylmaleimide, 50 mM Na2EDTA, pH 8 (ﬁnal concentrations).
Reduced samples were incubated for 1 h with 10 mM dithiothreitol
(DTT), while the control sample was incubated with buffer C alone
for 1 h. After incubation, all samples were ﬁlled up to 100 ll with
Laemmli buffer (without reducing agents) prior to SDS–PAGE and
immunological analysis [21,22].
2.6. Western blot analyses
For Western blot analyses [21], protein samples were separated
by SDS–PAGE [22] and electro-blotted, using a semi-dry blotter
from Bio-Rad. Puriﬁed YqjA was probed with an HRP-conjugated
anti-His-antibody (Novagen) and the fusion proteins, containing
the LexA-DNA-binding domain, with anti-LexA-DNA-binding
domain antiserum (Novus Biologicals). Subsequently, blots were
incubated with an anti-rabbit-HRP secondary antiserum (New
England Biolabs). Membrane fractions containing YqjAHis6 were
incubated with an anti-His-antibody-HRP-conjugate (Novagen).
Blots were developed using the Pierce ECL Western Blotting
Substrate Detection Kit (GE-Healthcare) and cross-reactions were
visualized using a Stella 3200. Band intensities were quantiﬁed
via the program ImageJ.
3. Results and discussion
While DedA homologs are crucially involved in drug resistance,
structural and functional properties of the proteins are only poorly
understood [9]. DedA proteins typically consist of only 4–6 TM seg-
ments and dimerization of protein homologs was proposed to
obtain a LeuT-like fold [5,10]. The best characterized DedA protein,
YqjA of E. coli, is a 220-amino-acid-long protein, which spans the
membrane with six predicted TM helices (Fig. 1A). In several mul-
ti-sequence alignments conserved residues were identiﬁed, albeit
their impact on function and structure of any DedA homolog
remains almost elusive [1,2,5,9]. Thus, we tested the function
and oligomerization of YqjA after mutating conserved amino acids
to alanine. To subsequently analyze YqjA mutants, we ﬁrst estab-
lished a system to track the functionality of expressed protein
Fig. 1. Functional analyses of mutated YqjA, a member of the new DedA/Tvp38 membrane protein family. (A) Topology model of YqjA as predicted by the TMHMM program
[33]. E. coli YqjA potentially consists of six TM segments (gray) with the amino-terminus (N) and carboxy-terminus (C) pointing inwards (cytosol). The ﬂanking amino acids of
each TM segment and conserved residues as well as naturally occurring cysteine residues, are shown. CM (cytoplasmic membrane). (B) To test complementation of the E. coli
MC4100DyghBDyqjA growth defect, MC4100 and MC4100DyghBDyqjA (MCDD) cells expressing the different YqjA-His6 mutants were pre-cultured aerobically at 30 C over
night, then sub-diluted in LB-medium supplemented with ampicillin and aerobic growth was continued at 44 C for 7 h. (B) Cytoplasmic membranes of cell cultures grown at
30 C and 44 C were prepared and 50 lg total protein from each membrane fraction was loaded in presence of DTT as a reducing agent onto a 14%-SDS-gel followed by SDS–
PAGE and immunoblot analysis using an anti-His-antibody-HRP-conjugate (Novagen) to detect YqjA via the hexahistidine tag. (C) Cell growth at 44 C was monitored by
determining the optical density (OD) at 600 nm (OD600). The averages of at least three independent cultures are shown.
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was constructed. Compared to the growth of the parental E. coli
strain MC4100, the deletion strain displays a growth defect at
elevated temperatures (Fig. 1C). In contrast, no growth defects
were observed for the single deletion strains as well as when the
double deletion strain was grown at 30 C (data not shown), which
is perfectly in line with previous observations [5]. Next, we tested
whether plasmid-borne expression of a hexahistidine-tagged
YqjA supports growth of MC4100DyghBDyqjA at elevated tem-
peratures. As shown in Fig. 1B/C, plasmid-encoded expression of
YqjA supported growth at 44 C and thus suppressed the
MC4100DyghBDyqjA temperature sensitivity, indicating that the
tagged protein is functionally expressed. In addition, all alanine
substitutions resulted in efﬁciently expressed and membrane-in-
serted YqjA variants at elevated temperatures (Fig. 1B). Only
YqjAQ100A and YqjAG144A seemed to be less expressed at precul-
turing-conditions (stationary growth phase at 30 C) for thus far
unknown physiological reasons. Most importantly, nearly all test-
ed YqjA variants suppressed the temperature sensitivity of
MC4100DyghBDyqjA at elevated temperatures (Fig. 1C). Only
YqjAE39A/D51A, which was also expressed and membrane-insert-
ed in substantial amounts (Fig. 1B), did not support growth of
MC4100DyghBDyqjA (Fig. 1C), which is perfectly in line with recent
observation, that these polar residues are fundamental for YqjA
function [9]. Together, we conclude that the individually mutatedresidues, with the exception of E39 and D51, are neither crucial
nor essential for the in vivo function of YqjA, albeit these residues
are conserved in members of the Tvp38/DedA family.
Next, we tested the impact of alanine substitutions on the
homo-interaction abilities of YqjA in vivo using the GALLEX-
system. This system was established to study oligomerization of
single TM helices or complete membrane proteins within the
E. coli cytoplasmic membrane [18,23]. In this system, a TM helix
or membrane protein of interest is genetically fused to the C-termi-
nus of the E. coli LexA DNA-binding domain (DBD). Interaction of
the fused proteins results in formation of a dimeric LexADBD. The
dimeric LexADBD is able to bind to a speciﬁc promoter/operator
region, which in turn results in repression of the lacZ reporter gene.
Thus, reduced levels of b-galactosidase activity are obtained when
proteins interact within the E. coli inner membrane. In these mea-
surements E. coli cells harboring an empty vector are used as nega-
tive control [18], and the TM helix of the human glycophorin A
protein (GpA) was used as a positive control, as this helix is well
known to form stable dimers within the E. coli inner membrane
[16,24,25]. However, strong differences in the expression proﬁle
between the YqjA constructs and GpA TM helix were observed
(Fig. 2A, right blot), resulting in decreased interaction propensities
of YqjA compared to the established positive control of the GALLEX
system (Fig. 2A, left graph). Considering the difference in the
expression levels and the sample variations in the GALLEX
Fig. 2. In vivo oligomerization of YqjA. Homo-oligomerization of LexA-YqjA fusion proteins was tested in vivo using the GALLEX system [16]. E. coli SU101 cells were
transformed with pMalp2 (negative control); pLexAGpA (GpA, positive control) or the different pLexAYqjA variants. (A) The b-galactosidase activities of at least ﬁve
independent experiments were determined and shown as relative averages +/ standard deviations, which were referred to the vector control (set to 100%). Three stars
represent a P value <0.001 between indicated columns calculated via t-test. E. coli SU101 cells expressing the different LexA-fusion proteins, which were used in the b-
galactosidase assay, were supplemented with 5 SDS-loading buffer and 5 ll of cells with an OD600 of 0.5 was loaded onto a 14%-SDS-gel followed by SDS–PAGE andWestern
blot analysis, using an anti-LexA-DNA-binding domain antiserum (right blot). Relative protein expression levels were quantiﬁed via ImageJ and calculated as the ratio of band
intensities between LexA-YqjA variant and LexA-GpA. (B) Relative b-galactosidase activities in relation to relative protein levels of at least three independent experiments
were determined and shown as relative averages +/ standard deviation.
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variants revealed no signiﬁcant differences in the interaction pro-
ﬁle (Fig. 2B). Thus, based on the results of the GALLEX experiment
it is assumable that neither single nor double alanine substitutions
are sufﬁcient to change homo-interaction of YqjA monomers.
In order to validate the oligomerization ability of YqjA as well as
the inactive variant YqjAE39A/D51A in more detail, both mem-
brane proteins were isolated from solubilized membranes as
described in the Methods section. Based on Coomassie-stained
SDS-gel and immunoblot analyses, YqjA as well YqjAE39A/D51A
are present in different oligomeric states (Fig. 3A).
Predominantly, two forms were detectable (Fig. 3A), which corre-
spond to a monomeric state (25.8kDa) and a potential dimeric pro-
tein, migrating lower within a SDS-gel according to the predicted
molecular weight. These observations suggest that both, the isolat-
ed YqjA as well as the inactive variant YqjAE39A/D51A form
dimers after puriﬁcation. Conversely, studies with other integral
membrane proteins have shown that detergent solutions do not
represent a membrane mimetic environment and may favor artiﬁ-
cial oligomeric states [26]. Thus, we additionally tested whetherYqjA homo-interacts speciﬁcally within the E. coli inner membrane
by disulﬁde cross-linking, which is an established experimental
approach to scan protein–protein interactions at positions where
cysteines are present [20,27]. The E. coli YqjA protein harbors
two native cysteines. One cysteine, Cys83, is localized in the pre-
dicted TM helix three (TMH3), whereas Cys191 is positioned in
the predicted TM helix six (TMH6) (Fig. 1A). Expression of YqjA
mutants with alanine-substituted cysteines (Table 1) restored the
growth defect of MC4100DyghBDyqjA at elevated temperatures
(Fig. 3B), demonstrating that the naturally occurring cysteines
are not vital for YqjA function. Thus, disulﬁde cross-linking experi-
ments were performed with isolated membranes after expression
of YqjA in E. coli MC4100 or MC4100DyghBDyqjA, respectively
(Fig. 3C and D). A cross-linking product, corresponding to a dimeric
YqjA, was clearly detectable in membranes isolated from the wild
type as well as from the double deletion strain under oxidizing
conditions, but was less obvious in the control or under reducing
conditions (Fig. 3C). These data indicate that YqjA already dimer-
izes in the absence of YghB (Fig. 3C/D), and the protein does not
necessarily have to form a hetero-dimer with YghB. Although
Fig. 3. Homo-interaction of YqjA and YqjA(E39A/D51A) (A) YqjA and YqjAE39A/D51A were puriﬁed from isolated membranes of Bl21(DE3)pQyqjA or Bl21(DE3)pQyqjA(E39A/
D51A) via Ni–NTA-afﬁnity chromatography, as described in Section 2. 14 lM of puriﬁed protein solution were loaded onto a 14%-SDS-gel followed by SDS–PAGE andWestern
blot analysis. Proteins were visualized either by Coomassie-staining (left) or immunoblotting (right) using an anti-His-antibody-HRP-conjugate (Novagen) to detect YqjA with
hexahistidine tag. The potential oligomeric states of YqjA variants are indicated as (monomeric), (dimeric), and higher oligomeric forms. (B) To test whether the naturally
occurring cysteines are essential for the YqjA function, E. coliMC4100 and MC4100DyghBDyqjA (MCDD) cells, expressing the different YqjA mutants, were sub-diluted in LB-
medium supplemented with ampicillin and aerobic growth was monitored at 44 C by following the optical density at 600 nm (OD600). The average growth curves of at least
three independent cultures are shown. (C and D) Sulfhydryl cross-linking experiments were performed as described previously [20]. Membranes of E. coli MC4100 and
MC4100DyghBDyqjA, expressing the different cysteine mutants of YqjA (Table 1), were prepared and identical amounts of protein were incubated either with buffer (control:
c), CuP (oxidized: ox) or DTT (reduced: re). 25 lg protein of each mix was loaded onto a 14%-SDS-gel followed by SDS–PAGE and immunoblot analysis using an anti-His-
antibody-HRP-conjugate (Novagen) to detect YqjA via the hexahistidine tag. Stars point to the cross-linked YqjAHis6 variant.
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[1], it is not even clear yet, whether the two genes yqjA and yghB
are expressed under the same stress conditions. Transcription of
yqjA is regulated via two well characterized envelope stress
response pathways in E. coli, the sigmaE pathway and the Cpx-sig-
nal transduction pathway [28–30], whereas yghB expression seems
to be induced via a quorum-sensing molecule AI-2 [31]. Thus, both
gene loci are regulated via different signal transduction pathways
and may not be present at the same time in vivo.
Elucidating the speciﬁcity of YqjA homo-interaction, the cross-
linking results already suggest that either TMH3 of one YqjA comes
in close proximity to TMH6 of another YqjA monomer or that
TMH3 and/or TMH6 of one monomer interact with the same TM
helix of an adjacent monomer. To test whether a single cysteine
residue, Cys83 in TMH3 or Cys191 in TMH6, is sufﬁcient for form-
ing a cross-linked YqjA-dimer in the cytoplasmic membranes, we
performed cross-linking experiments using membranes isolated
from the E. coli strains expressing the single cysteine variants. As
shown in Fig. 3C, no cross-linked dimer band was detectable when
membranes, isolated from the strain expressing YqjA(C191A), were
analyzed. In contrast, a cross-linked YqjA dimer was still observed
in membranes containing YqjA(C83A), indicating that the dimeric
form of YqjA was stabilized via disulﬁde-bridge formation involv-
ing Cys191 residues of two interacting monomers. The topology
model depicted in Fig. 1A indicates that Cys191 of the E. coliYqjA protein is localized in the border region of the TM helix at
the periplasmic side of the membrane. To test whether interactions
of the soluble loop regions around Cys191, which bring the Cys191
residues of adjacent monomers in close contact, are crucial for
dimer formation or whether interaction of the membrane integral
region is involved, we have further introduced a cysteine at
position 195, i.e. one helical turn more deeply buried within the
membrane plane. As shown in Fig. 3D, the YqjA dimer is still
cross-linkable in this mutant, suggesting that interactions of
TMH6 are involved in dimer formation. The results of our in vitro
experiments demonstrate for the ﬁrst time that YqjA forms dimers,
and dimerization most likely involves the C-terminal TM helix six.
Moreover, a Cys191 crosslink is still observed when E39 and D51
are substituted by alanines (Fig. 3D). Even if it has previously been
shown that acidic residues drive strong oligomerization of TM
helices [32], our data indicate that mutation of E39 and D51 does
not disturb homo-interaction.
Taken together, the C-terminal TM region appears to be crucial
for homo-interaction of YqjA and involvement of further TM
helices in the structural organization of the full-length protein is
indicated due to the observation that YqjA variants with successive
deletions of TM regions are expressed less stable (data not shown).
Interestingly, membrane-embedded acidic residues are character-
istic for proton-dependent transporter systems and mutation of
the acidic residues Glu39 and Asp51 between TM helices 1 and 2
848 R. Keller et al. / FEBS Letters 589 (2015) 842–848abolished the suppressor function of YqjA (Fig. 1C), which was also
demonstrated for YghB, another DedA homolog [9]. Thus, it is pos-
sible that correct folding of YqjA is only possible in the full-length
protein, which correctly positions the two acidic residues and
thereby favors the recently proposed transporter function of YqjA.
In the present study we have demonstrated that the individual-
ly mutated, conserved residues of a DedA/Tvp38 protein are not
essential for the in vivo function. Moreover, YqjA of E. coli and its
inactive variant YqjAE39A/D51A form dimers after puriﬁcation
from solubilized membranes. Furthermore, based on the results
of the cross-linking experiments, we propose that the C-terminal
helical hairpin (especially the predicted TM helix 6) is involved
in YqjA dimerization and all remaining TM helices are crucial for
formation of a correctly folded and assembled YqjA protein.
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